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FRONTISPIECE 

SAND  DUNE  MOVEMENT  IN  THE  TRANSPARENT  PLASTIC  PIPE 


ABSTRACT 


A  series  of  tests  in  a  2-inch  pipeline  have  been  carried 
out  on  water,  sand-water  slurries  and  f i nes-sand-water  slurries 
to  investigate  the  effect  of  the  addition  of  fines  on  the  trans¬ 
portation  character i st i cs  of  a  sand-water  slurry. 

The  sand-water  slurry  data  on  hydraulic  gradient  agree  with 
published  results  of  other  workers.  Testing  carried  out  at  low 
velocities  indicate  that  the  published  correlations  for  critical 
velocity  should  be  slightly  modified  for  a  2-inch  pipe  carrying 
sand-water  slurries.  An  alternative  correlation  is  put  forth. 

The  fines-water  slurries  data  are  analysed  using  the  rheolo¬ 
gical  character i st i cs  of  the  mixture  at  low  Reynolds  numbers  and 
the  theoretical  approach  of  Newitt  et  al  in  fully  turbulent  flow. 

An  extension  to  the  theory  of  Newitt  et  al  is  made  to  account 
for  the  effect  of  introducing  fines  into  a  sand-water  slurry. 

It  is  shown  that  the  introduction  of  fines  into  a  sand-water 
slurry  can  reduce  the  critical  velocity. 

A  description  of  the  test  apparatus  is  included  with  a  de¬ 
tailed  discussion  on  the  i nst rumentat i on  which  was  developed  du¬ 
ring  the  research  program. 
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CHAPTER  I 


INTRODUCTION 


This  thesis  deals  with  one  phase  of  a  commercially  -sponsored 
research  program  currently  being  carried  out  in  conjunction  with  the 
Civil  Engineering  Department  of  the  University  of  Alberta  under  the 
direction  of  Professor  R.  W.  Ansley. 

In  general,  the  program  is  designed  to  investigate  both  the  fun¬ 
damental  characteristics  and  possible  commercial  applications  of  hyd¬ 
raulic  transport  of  fluidized  solids.  A  testing  unit  was  built  in 
the  Hydraulics  Laboratory  at  the  University  of  Alberta,  using  funds 
supplied  by  the  sponsor.  The  author  operated  the  apparatus  and  col¬ 
lected  the  experimental  data  in  conjunction  with  other  aspects  of 
the  research  program.  The  work  was  carried  out  during  two  academic 
years  as  a  research  assistant  and  during  the  i nter sess i onal  period 
of  four  months  as  an  employee  of  the  sponsor. 

Many  commercial  operations  such  as  mining,  ore  concentrating, 
dredging  and  power  plant  coal  handling  have  employed  hydraulic 
transport  of  solids.  These  developments  have  given  significant  im¬ 
petus  to  fundamental  research  in  the  areas  of  hydraulic  transport  of 
fluidized  solids.  There  is  a  great  deal  of  literature  available 
dealing  with  the  pumping  of  sand,  gravel,  coal  and  other  large  part¬ 
icles  of  material  heavier  than  water.  To  date,  the  bulk  of  this  work 
has  been  experimental  and  the  published  results  are  empirical  equa¬ 
tions  based  on  the  data  obtained  from  the  particular  material  that 

was  investigated. 


Similarly,  with  the  development  of  drilling  mud  techniques,  consider¬ 
able  literature  is  available  dealing  with  the  pumping  of  fairly  thick, 
so-called  "homogeneous"  fluids  consisting  of  suspended  solids  of  the 
clay  size  range  (fines).  The  publications  dealing  with  these  slurries 
are  somewhat  more  theoreticl  than  those  for  the  coarse  solids-water 
mixture,  in  that  a  homogeneous  fines-water  slurry  generally  exhibits 
non-Newtonian  behaviour  as  the  concent  rat i on  of  fines  increases. 

In  many  instances  the  commercial  operator  finds  two  streams  of 
solids  to  deal  with:  namely,  a  coarse  solid  such  as  sand  or  tails  and 
a  fine  solid  such  as  clay  or  slimes.  in  the  case  of  many  commercial 
ore  concent rators,  these  streams  are  usually  present  as  a  low-concentra¬ 
tion  solids-water  slurry.  Although  these  streams  are  blended  in  some 
instances  and  then  disposed  of,  they  are  usually  conveyed  to  their  dis¬ 
posal  areas  separately  and  quite  often  entirely  different  methods  of 
conveyance  are  employed.  For  example,  the  tailings  are  quite  often 
moved  to  the  disposal  area  in  a  low-sloped  flume,  whereas  the  fines  are 
carried  as  a  dilute  slurry  in  a  pipeline.  When  the  two  streams  were 
blended  and  then  disposed  of  via  a  flume,  some  operators  noticed  that 
the  solids  carrying  capacity  at  a  given  slope  was  increased  substan¬ 
tially  due  to  the  presence  of  the  fines.  In  other  words,  at  the  same 
slope  the  flume  carried  a  greater  amount  of  tailings  without  deposition 
of  the  solids  on  the  bottom  of  the  flume.  Dredging  operators  frequently 
use  this  phenomenon  by  using  fines-water  slurries  instead  of  clear  water 
to  unplug  discharge  lines  filled  with  sand  or  gravel. 


3 


The  investigation  carried  out  by  the  author  attempts  to  put  some 
qualitative  and  quantitative  i nterpretat i on  on  the  effect  of  introdu¬ 
cing  fines  into  a  sand-water  slurry  being  transported  in  pipes  under 
pressure . 

Since  there  are  extensive  data  published  on  sand-water  slurries 
and  fines-water  slurries,  it  seemed  reasonable  first  to  select  the 
materials  to  be  conveyed  and  investigate  them  separately.  This  would 
mean  that  the  sand  to  be  conveyed  in  the  tests  would  be  pumped  in  a 
sand-water  slurry  and  then  compared  against  published  data.  The  fines- 
water  slurries  were  somewhat  more  complex,  because  in  addition  to  the 
pumping  tests  a  rheological  investigation  of  such  slurries  was  necessary 
to  determine  their  non-Newtonian  character i st i cs .  Finally,  the  two 
materials  were  mixed  with  water  in  different  concentrations  of  each  and 
pumped  for  test  comparisons. 

The  first  sand-water  slurry  test  runs  were  conducted  on  the  appa¬ 
ratus  as  it  was  originally  designed  in  I960.  After  over  a  hundred  test 
runs,  it  became  apparent  that  the  instrumentation  left  something  to  be 
desired.  One  of  the  major  items  of  the  investigation  carried  out  by 
the  author  was  to  develop  a  reliable,  simple  method  of  measuring  pressure 
drops  which  could  give  results  that  were  reproducible.  Several  months' 
experimental  and  development  work  were  necessary  to  arrive  at  the  press¬ 
ure  drop  instrumentation  described  herein. 

A  great  deal  of  the  emphasis  in  the  fluidized  solids  research  pro¬ 
gram  has  been  on  flume  transport  of  various  slurries.  Since  the  pipe¬ 
line  and  flume  were  connected  in  series,  many  data  taken  on  the  pipeline 


were  for  runs  specifically  designed  for  flume  testing.  As  the  flume 
testing  was  very  sensitive  to  concentration  of  solids,  the  test  data 
were  not  collected  over  as  wide  a  range  as  could  have  been  selected 
for  pipeline  research  only. 

Basically,  two  specific  items  were  investigated  in  this  program. 
The  pressure  drop  or  energy  gradient  for  various  concentrations  of 
the  different  slurries  was  measured  in  the  pipeline  of  the  test  appa¬ 
ratus.  This  investigation  was  standard  in  that  it  was  hoped  that  it 
could  provide  empirical  equations  that  could  be  used  in  the  design  of 
a  proposed  commercial  installation.  Since  high  maintenance  costs  are 
attendant  with  the  hydraulic  conveyance  of  abrasive  solids,  there  is 
considerable  emphasis  on  operating  the  pipeline  at  as  low  a  velocity 
as  possible.  The  lowest  permissible  velocity  is  that  at  which  the 
solids  being  carried  in  the  pipeline  do  not  deposit  on  the  bottom  and 
thus  restrict  the  flow  through  the  pipe.  A  literature  review  was 
undertaken  to  establish  whether  the  published  data  could  provide  any 
information  on  either  of  the  two  problems. 

Considerable  literature  is  available  on  slurries  of  sand  and  water 
but  none  was  found  for  sand-f i nes-water  slurries  on  the  subject  of 
energy  gradient.  Some  of  the  literature  on  fines-water  slurries  indi¬ 
cates  that  if  the  slurry  were  homogeneous,  a  different  type  of  turbu¬ 
lence  would  be  present  in  the  pipeline  than  that  associated  with  water. 
This  literature  does,  however,  note  that  such  homogeneous  slurries  are 
usually  non— Newton  1  an  fluids.  The  energy  gradients  associated  with  the 
pumping  of  fines  slurries  over  a  wide  range  of  concentrations  were 
available  in  the  literature. 


In  the  case  of  sand  slurries,  there  has  been  experimental  work 
carried  out  to  establish  the  lowest  velocity  at  which  the  material  can 
be  pumped  before  it  deposits  on  the  bottom  of  the  pipe.  This  velocity 
is  referred  to  as  the  "non-clogging"  velocity  or,  simply,  as  the  "cri¬ 
tical"  velocity.  Since  the  fines  slurries  are  considered  homogeneous 
and  for  the  most  part  do  not  settle  unless  the  concentrations  are  ex¬ 
tremely  high,  there  are  virtually  no  published  data  describing  the 
minimum  velocity  at  which  the  material  settles.  The  author  knows  of 
no  literature  available  which  describes  critical  velocity  data  for 
sand-f i nes-water  mixtures. 

A  sem i -theoret i cal  explanation  of  a  sand-water  slurry  has  been 
given  by  Newitt.  This  explanation  has  been  extended  herein  to  include 
the  effect  of  fines.  If  the  hypothesis  were  correct,  it  indicates 
that  the  addition  of  fines  to  the  sand-water  slurry  would  decrease  the 
energy  gradient  at  low  velocities  in  the  pipeline,  and  increase  it  at 
high  velocities.  It  further  predicts  that  the  critical  velocity  would 
be  lower  due  to  the  presence  of  fines. 

The  original  data  are  included  in  Ref.  3  and  are  also  available 
through  the  Civil  Engineering  Department  at  the  University  of  Alberta. 
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CHAPTER  I  I 
EXPERIMENTAL  PROGRAM 


Flow  Sheet: 

The  basic  flow  diagram  can  be  seen  in  FIGURE  1.  Essentially,  it  is 
a  system  designed  to  mix  up  a  slurry  of  solids  and  water,  pump  it  through 
a  centrifugal  pump  to  d i f f erent-s i zed  pipelines  and  return  it  for  recir¬ 
culation.  The  return  line  can  be  either  a  pipeline  or  a  flume.  The  ori¬ 
ginal  flow  sheet  has  been  discussed  in  some  detail  by  Ansley  and  Hebbert 
(Ref.  l).  Although  the  flow  sheet  has  changed  somewhat  since  the  initia¬ 
tion  of  the  program  in  1960,  the  modifications  have  been  for  ease  of 
operation  or  to  provide  facilities  to  gain  a  wider  range  of  experimental 
results.  The  basic  concept  of  a  rec i rculat i ng  stream  of  a  slurry  of  con¬ 
stant  proportions  of  water  and  solids  has  not  been  changed.  Since  the 
circulating  stream  was  either  a  two-  or  a  three-component  mixture,  one 
of  the  most  acute  problems  was  that  of  determining  the  actual  physical 
makeup  of  the  mixture. 

It  was  felt  that  this  could  best  be  accomplished  by  catching  a 
large  sample  of  the  mixture  in  a  weigh  tank  over  a  long  period  of  time 
to  measure  both  the  weight  discharge  rate  and  the  volume  discharge  rate. 
Representative  grab  samples  were  analysed  in  the  laboratory  to  determine 
the  concentration  of  the  three  components  of  the  mixture. 

When  the  total  stream  was  diverted  into  the  weigh  tank,  the  amount 
of  slurry  in  the  circulating  system  was  reduced  by  the  amount  which  was 
placed  into  the  weigh  tank,  thus  reducing  the  level  in  the  sump  tank. 

To  avoid  this  decrease  in  the  sump  tank  level  and  a  possible  decrease  in 
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the  discharge  of  the  pump,  slurry  was  added  from  the  reservoir  tank.  A 
turbine  mixer  was  provided  in  the  reservoir  tank  to  keep  the  slurry  in 
it  from  settling-out  on  the  bottom  of  the  tank,  thus  reducing  the  amount 
of  sand  in  the  stream  used  as  makeup  to  the  sump  tank.  The  sand  storage 
tank  was  included  in  the  system  to  provide  storage  for  sand  which  could 
be  added  automatically  to  the  pump  suction.  An  elutriation  system  was 
included  in  this  tank  to  separate  out  the  fines  from  the  sand  if  required. 

The  interconnected  piping  shown  between  the  various  tanks  was  incor¬ 
porated  for  ease  of  operation  and  to  provide  drainage  of  these  tanks  when 
necessary.  A  detailed  description  of  the  actual  apparatus  is  given  below. 


Materials  Used  for  Slurry  Tests: 

As  previously  stated,  the  slurries  were  two-  or  three-component  mix¬ 
tures  made  up  of  sand,  water  and  fines.  Water  was  taken  from  the  available 
supply  in  the  Hydraulics  Laboratory,  which  was  fed  directly  from  the  City 
of  Edmonton  domestic  water  supply.  This  water  was  kept  in  the  system  as 
long  as  possible  to  avoid  disposal  problems.  Makeup  water  was  added  to 
replace  the  evaporation  losses. 

The  sand  was  supplied  by  the  sponsor  of  the  research  program.  It  was 
taken  from  the  tailings  dump  of  a  pilot  plant  operating  in  the  Athabasca 
tar  sands  near  the  town  of  McMurray,  Alberta,  placed  in  barrels  and  trans¬ 
ported  to  the  University  Laboratory.  Although  the  sand  was  supplied  at 
different  times  over  an  extended  period,  the  physical  character i st i cs  of 
the  material  did  not  alter  significantly.  Visual  inspection  and  grain- 
size  analyses  were  carried  out  at  frequent  intervals.  A  typical  grain- 
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size  curve  can  be  seen  in  FIGURE  2,  which  shows  a  uniform  material  in 
the  medium  sand  range.  As  can  be  seen  in  FIGURE  2,  virtually  all  the 
material  was  retained  on  a  N°  200  sieve  and  the  median  diameter  was 
60  mesh,  or  0.25  mm.  FIGURE  4  is  a  photomi crograph  of  a  typical  sam¬ 
ple  of  the  sand,  which  shows  a  remarkable  uniform  size  and  a  rounded 

J  *  •  u 

i 

to  sub-angular  shape  of  the  average  particle.  The  material  is  essen¬ 
tially  clean  quartz  sand  with  minor  discoloration  due  to  traces  of 
bitumen  which  was  not  completely  extracted  in  the  pilot  plant.  This 
bitumen  is  8.6°  API  and  therefore  has  a  specific  gravity  of  1.0099  at 
60°  F.  Since  there  were  very  minor  traces  of  this  bitumen  and  the 
specific  gravity  was  essentially  the  same  as  water,  its  presence  was 
ignored.  The  grain-size  curves  were  obtained  using  the  A.S.T.M.  desig¬ 
nation  D-422-54T.  A.S.T.M.  designation  D-854-52  tests  were  performed 
to  determine  the  specific  gravity  of  the  sand,  which  remained  constant 
at  2.65  during  the  test  program. 

The  fines  slurries  were  made  up  from  clay  obtained  from  a  local 
ceramics  company.  The  material  was  purchased  in  bulk  and  transported 
by  truck  to  the  University,  where  it  was  stored,  dry,  in  barrels.  When 
the  material  was  to  be  used  for  slurry  preparation,  it  was  pulverized 
on  a  vibrating  grizzly  and  introduced  into  the  slurry  in  one-inch  size 
lumps  or  smaller.  Although  the  material  is  referred  to  as  "clay",  it 
had  considerable  portions  outside  the  clay-size  range,  with  some  of  it 
in  fact  being  larger  than  200  mesh.  This  presented  no  difficulty  since 
the  split  point  between  the  material  called  "sand"  and  the  material 
called  "fines"  was  taken  as  200  mesh.  The  portion  of  the  material  taken 
from  the  ceramics  company  which  was  +200  mesh  merely  became  part  of  the 
sand,  whereas  the  minor  amount  of  the  sand  which  was  -200  mesh  became 
part  of  the  fines  as  far  as  the  experimental  program  was  concerned. 
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Figure  4.  PHOTOMICROGRAPH  OF  SAND  GRAINS 
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As  already  discussed,  the  material  had  a  fairly  wide  range  of  part¬ 
icle  size  from  +200  mesh  down  to  the  sub-micron  range.  Since  it  was 
difficult  to  sample,  it  was  decided  to  take  samples  from  the  slurry  test 
unit  and  perform  grain-size  analyses  on  the  total  sample  of  sand  plus 
fines,  rather  than  perform  detailed  grain-size  analyses  on  the  material. 

A  representative  analysis  for  the  size  distribution  can  be  seen  on  FIG¬ 
URE  3.  For  the  particular  slurry  tested,  it  can  be  seen  that  44%  of  the 
material  was  sand  and  56%  was  fines.  One  of  the  most  interesting  things 
shown  on  FIGURE  3  is  the  absence  of  the  material  in  the  silt  range,  part¬ 
icularly  for  the  coarse  and  medium  silt  fractions.  Over  60%  of  the  fines 
was  in  the  clay  or  sub-micron  size  range. 

A  microscopic  and  photomicrograph  study  carried  out  by  the  sponsor 
indicated  that  the  material  was  predominantly  illite  and  kaolinite. 


Experimental  Apparatus: 

The  equipment  as  originally  designed  and  constructed  has  been  de¬ 
scribed  by  Ansley  and  Hebbert  (Ref.  l).  1 he  basic  apparatus  operated 

quite  satisfactorily  with  the  exception  of  valves  and  the  test  pipe 
section.  These  were  modified  as  the  research  program  progressed. 

A  150  U.S.  gpm  4" x 2"  Wilfley  sand  pump  was  used  in  the  experimental 
system.  It  was  driven  at  1350  rpm  by  a  10  HP,  1725  RPM  electric  motor 
through  a  V-belt  speed-reduction  drive.  The  pump  impeller  used  through¬ 
out  was  a  shrouded  centrifugal  type.  During  the  eighteen— month  pet  iod 
of  the  tests,  the  pump  required  only  occasional  minor  servicing  to  allow 
for  cleaning  and  the  removal  of  stones  and  debris  from  the  shrouded 
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CHARACTERISTIC  CURVES  FOR  WILFLEY  PUMP. 
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impeller.  A  character i st i c  curve  was  derived  for  the  pump  and  is  com¬ 
pared  with  the  manufacturer 1 s  pump  curve  in  FIGURE  5.  The  discrepancy 
between  the  two  curves  is  due  to  the  lower  speed  at  which  the  pump  was 
operated . . 

The  capacity  of  the  various  tanks  can  be  seen  in  FIGURE  1.  In 
all  cases  the  tanks  were  of  rectangular  steel  construction  with  a  con¬ 
verging  prismoidal  type  bottom.  In  general,  the  tanks  operated  quite 
satisfactorily  although  there  was  a  tendency  for  the  material  to  accu¬ 
mulate  in  the  corners  of  both  the  weigh  tank  and  the  reservoir  tank. 
Construction  details  of  these  tanks  can  be  found  in  Ref.  3.  As  origin¬ 
ally  built,  throttling  was  done  with  rubber  pinch  valves,  but  experience 
with  this  type  of  valve  showed  them  to  be  quite  unsatisfactory.  Both 
the  weigh  tank  and  the  reservoir  tank  needed  to  be  opened  or  closed  al¬ 
most  instantaneously  and  4-inch  plug  valves  were  tried  in  these  locations 
and  found  quite  satisfactory. 

The  two  parallel  pipeline  test  sections  were  made  up  of  1"  and  2" 
Schedule  40  steel  pipe.  The  experimental  results  discussed  in  this 
thesis  are  those  taken  from  the  2"  pipe  section. 

Flow  entered  this  test  section  15  feet  (90  diameters)  downstream 
from  a  90°  elbow  on  the  discharge  side  of  the  Wilfley  pump.  Three  test 
sections  were  connected  in  series,  as  shown  on  FIGURE  6,  one  of  which 
was  12.0  feet  long  and  having  a  mean  diameter  of  0.162  feet,  the  other 
two  being  20.5  feet  long  and  having  a  mean  diameter  of  0.173  feet.  At 
the  downstream  end  of  the  test  line,  a  transparent  plastic  section  of 
pipe  was  included,  which  can  be  seen  in  PLATES  I  and  II.  The  original 
observation  section  did  not  have  the  connecting  bars  between  the  flanges 
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2'  MANOMETER  TAP  IN 
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as  shown  and  frequent  cracking  of  the  plastic  was  encountered;  but  after 
the  bars  were  added  no  difficulty  of  this  type  was  met.  The  suitability 
of  this  section  for  determining  the  flow  condition  in  the  pipe  is  clearly 
shown  on  PLATE  I,  where  a  dune  can  be  seen  on  the  bottom  of  the  pipe. 


1  nst  r  umentat.  i  on : 

The  original  instrumentation  was  described  by  Ansley  and  Hebbert 
(Ref.  l)  in  some  detail.  Ansley  (Ref.  2)  has  described  the  method  which 
was  developed  to  determine  the  proportions  of  sand  and  fines  in  two  and 
three-component  mixtures.  In  general,  the  weigh  tank  and  the  laboratory 
method  used  to  evaluate  the  components  of  the  mixtures  has  proved  quite 
successful.  To  check  the  accuracy  of  the  results  and  the  reproduci bi 1 i ty, 
a  detailed  test  program  was  run  and  analysed  on  a  digital  computer.  This 
is  described  in  Ref.  3,  where  it  is  shown  that  a  series  of  40  to  60  con¬ 
trolled  tests  for  different  composition  slurries  indicated  an  excellent 
reproducibility  of  results.  However,  this  was  not  the  case  with  the  press¬ 
ure  drop  measuring  apparatus  originally  installed. 

The  original  system  was  a  board  fitted  with  a  series  of  manometers 
connected  through  Tygon  tubing  to  manometer  taps  along  the  test  pipeline. 
During  a  run,  the  manometers  were  read  in  order  and  then  the  pressure 
drop  calculated.  When  a  series  of  such  pressure  drop  calculations  was 
carried  out  on  constant  operating  conditions,  great  variations  in  results 
were  found.  This  was  due  to  two  main  defects  in  the  system:  first,  some 
of  the  manometers  and  Tygon  tubing  became  plugged  because  the  solids  moved 
out  of  the  pipeline  through  the  tap  into  the  equipment;  secondly,  marked 
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fluctuations  were  noticed  in  the  manometers,  making  them  difficult  to 
read.  The  latter  difficulty  was  overcome  by  mounting  the  manometers  on 
one  board  and  taking  a  picture  so  that  the  manometers  were  read  simulta¬ 
neously.  However,  the  plugging  of  the  equipment  due  to  solids  was  a 
problem  which  could  not  be  overcome  so  simply.  From  day  to  day  differ¬ 
ent  manometer  leads  became  plugged  and  could  not  be  freed  without  dis¬ 
engaging  the  manometer  line  and  flushing  with  a  high-pressure  stream. 

One  of  the  most  difficult  parts  of  this  flushing  was  to  actually  clean 
out  the  tap,  which  frequently  plugged  when  a  sand  particle  lodged  right 
in  its  orifice.  With  these  difficulties  in  mind,  a  new  manometer  system 
was  introduced  into  the  apparatus.  The  system  is  shown  on  schematic 
FIGURE  7. 

The  two  longer  test  sections  were  fitted  with  4"  manometer  taps 
threaded  into  2"  pipe  hangers.  These  were  bolted  over  1/16"  diameter 
holes  at  42-inch  intervals  along  the  pipeline  with  rubber  gaskets  and 
gasket  glue  employed  to  ensure  a  tight  fit.  Several  manometer  taps 
were  used,  since  it  was  feared  that  some  of  them  would  be  plugged  at 
any  given  time,  and  a  minimum  of  four  would  be  required  to  give  a  reli¬ 
able  reading.  A  picture  of  the  manometer  tap  can  be  seen  on  PLATE  III. 
The  12-foot  test  section  was  fitted  with  4"  manometer  taps  threaded 
directly  into  ■4"  nipples  welded  on  to  the  pipe.  A  1/16"  diameter  hole 
connected  the  flow  with  the  manometer  tap.  This  arrangement  can  be 
seen  on  PLATE  IV. 

The  pressure  feed  lines  from  the  manometer  tap  were  made  up  using 
i"  R.3603  Tygon  flexible  plastic  hose.  All  these  pressure  leads  were 
supported  by  a  wooden  trough  hung  alongside  the  test  pipeline,  as  shown 


on  PLATE  V. 
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2'  MANOMETER  TAP 
IN  12  FOOT  TEST  SECTION. 


PLATE  V 

VIEW  OF  2 
TEST  PIPE 
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The  manometers  were  arranged  in  three  groups  -  one  from  each  test 
section  -  and  mounted  on  a  common  board  as  shown  in  PLATES  VI  and  XI. 

The  manometers  were  made  up  from  two  4-foot  lengths  of  diameter 
glass  tubing  and  connected  by  short  pieces  of  Tygon  hose.  Since  the 
pressure  drops  between  the  beginning  and  end  of  the  test  sections  could 
be  relatively  high,  it  was  necessary  to  be  able  to  back-pressure  the 
manometers  themselves  to  eliminate  having  extremely  long  manometer  stand¬ 
pipes.  It  was  therefore  necessary  to  provide  facilities  for  draining, 
filling  and  pressurizing  each  manometer.  Suitable  valve  installations 
were  made  so  that  each  manometer  group  could  be  pressurized  from  a  back¬ 
pressure  cell  or  de-pressur i zed  to  the  atmosphere  and  this  procedure 
could  be  applied  to  each  group  singly  or  in  combination  with  the  other 
groups.  Filling  and  draining  were  accomplished  through  a  manifold,  which 
is  shown  on  PLATE  VII.  The  bottom  of  each  manometer  connected  to  a  i" 
glass  tee-section.  One  branch  of  the  tee  transmitted  pressure  from  the 
pipeline  to  the  manometer;  the  other  branch  communicated  to  the  1"  mani¬ 
fold.  All  sixteen  manometers  were  connected  in  this  way  to  allow  the 
manifold  to  act  as  a  common  terminal  for  draining  and  filling.  The  mani¬ 
fold  was  mounted  on  an  incline,  as  the  photograph  shows.  The  drain  was 
at  the  higher  end;  the  inlet  from  the  reservoir  of  coloured  water  at  the 
lower.  Since  the  branching  tees  from  the  manometers  were  inclined  down¬ 
wards  into  the  manifold,  filling  and  draining  was  accomplished  without 
t rapp i ng  air. 

Since  tap  water  from  the  City  of  Edmonton  domestic  supply  was  avail¬ 
able  at  a  pressure  much  greater  than  that  encountered  in  the  pipeline, 
it  was  decided  to  use  it  and  to  fill  and  pressurize  the  manometer  system. 
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VIEW  OF  MANOMETER  SYSTEM 
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The  cylindrical  back-pressure  cell  shown  in  PLATE  VIII  was  filled  from 
the  City  supply,  causing  the  air  above  the  water  level  to  compress.  In 
this  way,  any  desired  pressure  in  the  range  of  atmospheric  to  the  City 
pressure  at  the  tap  could  be  obtained.  Suitable  valving  was  arranged 
whereby  this  pressure  could  be  directed  pneumatically  from  the  top  of 
the  back-pressure  cell  to  the  top  of  the  ai r-over-water  manometers,  or 
hydraulically  to  a  reservoir  cell.  A  drain  was  also  provided. 

The  reservoir  cell  seen  in  PLATE  IX  served  as  a  switching  point 
to  the  pressure  gauge  and  manometers,  as  well  as  a  receptacle  for  col¬ 
oured  water.  The  water  was  coloured  using  a  standard  laboratory  reagent 
called  "Fluorescein"  giving  a  greenish  colour  which  showed  up  quite  well 
in  the  photographs. 

The  pressure  gauge  which  can  be  seen  in  PLATE  VI  was  used  to  read 
the  manometer  system  gauge  pressures  hydraulically  in  one-pound  incre¬ 
ments  between  zero  psi  and  60  psi  gauge.  The  other  gauge  seen  in  the 
photograph  was  used  to  read  the  pump  discharge  pressure:.  The  pressure 
gauge  was  used  as  an  aid  in  applying  back-pressure  to  the  manometers 
and  to  make  sure  that  pressures  were  not  allowed  in  any  part  of  the 
system  which  would  endanger  the  apparatus.  The  pressure  readings  were 
taken  from  any  part  of  the  instrumentation  through  the  reservoir  cell 
by  suitable  valving. 

To  eliminate  the  problem  of  the  solids  collecting  in  the  bottom  of 
the  manometer  standpipes,  sediment  traps  were  included.  This  provided 
a  definite  cut-off  point  between  the  slurry  section  and  the  water  sec¬ 
tion  of  the  manometer  system.  The  Tygon  tubing  leading  from  the  mano¬ 
meter  tap  entered  the  cell  at  the  bottom  through  a  tee  shared  with  the 
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sediment  drain  valve,  which  was  normally  closed.  The  pressure  conveyed 
by  this  lead  line  was  transmitted  to  the  manometer  through  a  valve  mounted 
two-thirds  of  the  way  up  the  cell.  This  valve  could  be  throttled  to  re¬ 
duce  the  effect  of  pipeline  pressure  surges  on  the  manometer.  At  the  top 
of  the  cell  an  air  valve  was  located  which  was  opened  to  the  atmosphere 
when  it  was  necessary  to  release  trapped  air.  All  this  equipment  can  be 
clearly  seen  on  PLATE  X.  As  can  be  seen  in  this  photograph,  considerable 
solids  tended  to  build  up  in  the  bottom  of  these  cells.  The  drain  pipe 
facilitated  removal  of  these  solids. 

As  previously  mentioned,  the  manometer  system  became  inoperative 
when  solids  were  trapped  either  in  the  small  opening  in  the  tap  and  the 
lead  lines  or  the  manometers  themselves.  The  solids  which  entered  the 
system  collected  in  the  bottom  of  the  sediment  traps,  thus  reducing  the 
plugging  problem.  If  plugging  occurred,  it  was  usually  cleared  effect¬ 
ively  by  flushing  the  particular  manometer  line  back  into  the  pipeline 
using  the  back-pressure  system  with  clean  water.  In  the  event  that  the 
orifice  at  the  manometer  tap  became  plugged  with  sand  and  the  pressure 
was  not  sufficient  in  the  back-pressure  system  to  flush  it  clear,  the 
Tygon  lead  was  removed  from  the  manometer  tap  and  a  high-pressure  air 
compressor  was  attached  and  the  orifice  blown  clean. 

The  pressure  fluctuations  could  be  reduced  using  the  throttle  valve^ 
on  the  sediment  traps,  thus  reducing  the  oscillations  in  the  manometers 
themselves.  To  avoid  the  fluctuations  over  a  long  period  of  time,  the 
manometers  were  read  simultaneously  with  a  camera.  With  good  photo¬ 
floodlighting  and  the  green  dye  in  the  manometers  it  was  quite  simple  to 
take  a  picture  of  all  the  manometers  at  one  time  and  later  read  off  the 
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values.  A  picture  taken  during  one  of  the  test  runs  can  be  seen  in 
PLATE  XI.  The  meniscus  is  clearly  shown  and  the  pressure  measurements 
can  be  eas i ly  read . 

This  instrumentation  effectively  eliminated  problems  earlier  en¬ 
countered  in  the  research  program.  The  complex  valving  system  presented 
operational  difficulty  at  first,  but  through  familiarity  with  the  system 
this  became  negligible. 


Experimental  Procedure: 

A  slurry  of  fines  was  built  up  over  a  period  of  time  until  the  mat¬ 
erial  was  considered  a  fully  homogeneous  mixture.  Since  the  material 
was  all  stored  in  either  the  weigh  tank  or  the  reservoir  tank  at  the  end 
of  a  day's  run,  the  water  losses  due  to  evaporation  could  be  made  up  be¬ 
fore  the  runs  were  recommenced.  This  ensured  that  the  concentration  of 
fines  in  the  slurry  remained  approximately  constant  at  the  desired  level. 
Sand  was  added  in  varying  amounts  as  desired.  This  material  was  usually 
shovelled  directly  into  the  sump  tank  or  at  times  added  through  the  sand- 
storage  tank. 

The  discharge  variations  had  little  or  no  effect  on  the  concentra¬ 
tion  of  fines  in  the  system,  since  it  was  considered  a  homogeneous  mixture. 
However,  there  was  an  appreciable  change  in  the  amount  of  sand  transported 
since  at  low  discharges  the  material  tended  to  hang  up  in  the  sump  tank 
or  weigh  tank.  This  condition  dictated  the  type  of  test  program  adopted. 

A  series  of  tests  was  run  at  approximately  constant  fines  concentration 
while  variations  in  discharge  determined  the  amount  of  sand  transported. 
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TEST  RUN  MANOMETER  READINGS 


Normally,  the  operation  followed  was  to  start  at  a  high  discharge  and 
throttle-back  until  a  dune  or  bed  condition  was  noticed  in  the  trans¬ 
parent  section  of  the  pipeline.  Pressure  drop  readings  were  at  thirty- 
minute  intervals,  to  make  sure  that  equilibrium  conditions  had  been 
reached . 

Grab  samples  were  taken  in  duplicate  and  were  analysed  in  the  man¬ 
ner  described  in  Ref,  2.  A  picture  was  taken  of  the  manometer  board 
to  record  the  pressure  drop  data.  The  number  of  the  test  run  was  posted 
on  a  board  and  included  in  the  photograph  for  later  identification.  The 
discharge  measurements  were  taken  using  the  weigh  tank  in  the  method 
descr i bed  i n  Ref .  1 . 


Accuracy  of  Results: 

The  results  for  the  pressure  drops  at  a  given  velocity  show  wide 
scatter.  This  has  been  reported  by  other  workers  (Ref.  5).  Large  fluc¬ 
tuations  in  the  manometer  readings  indicated  the  presence  of  constant 
surging  in  the  system.  This  surging  became  more  pronounced  at  low  dis¬ 
charge  rates  and  higher  concentration  of  solids.  A  complete  discussion 
of  the  accuracy  of  the  discharge  measurements  and  the  composition  of  the 
slurry  are  given  in  Ref.  3.  This  discussion  shows  the  discharge  measure¬ 
ments  accurate  to  plus  or  minus  0.005  cubic  feet  per  second  and  the  volume 
concentration  of  solids  accurate  to  plus  or  minus  0.5%. 


CHAPTER  I  I  I 


THEORY 


Durand  (Ref.  6)  and  Newitt  et  al  (Ref.  7)  have  each  put  forward 
theories  to  explain  the  head  loss  -  veloc i ty  relationship  for  mixtures 
of  solids  and  fluids  in  circular  pipes.  Durand  classified  these  mix¬ 
tures  as  - 


(i)  Homogeneous  mixtures,  where  the  solids  are  up 
to  2D  or  30  microns  in  diameter; 

(ii)  Intermediate  mixtures,  where  the  solids  are 
between  25  and  50  microns  in  diameter.  This 
is  a  transition  category; 

( i i i )  Heterogeneous  mixtures. 

a)  Heterogeneous  mixtures  transported  in 
suspension,  diameters  from  50  to  200 
microns, 

b)  Transition  category,  diameters  0.2  mm. 
to  2.0  mm., 

c)  Heterogeneous  mixtures  transported  by 
saltation,  diameters  above  2  mm. 


The  size  ranges  given  by  Durand  are  somewhat  arbitrary,  in  that 
the  upper  sizes  in  categories  (i)  and  (ii)  depend  to  some  extent  on 
flow  velocity. 

This  study  is  concerned  with  homogeneous  mixtures,  heterogeneous 
mixtures  and  the  two  together. 
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Homogeneous  Mixtures: 

Homogeneous  mixtures  are  Bingham  plastics  and  so  cannot  be  com¬ 
pared  with  pure  liquids  in  the  laminar  flow  regime.  In  the  turbulent 
flow  regime,  however,  the  Darcy-Wei sbach  friction  factors  for  water 
and  homogeneous  mixtures  are  substantially  the  same  (Ref.  6,  page  8) . 
The  hydraulic  gradient  for  a  mixture  can  thus  be  expressed  as  - 


prov i ded, 

fm  =  fw  . 

The  density  of  a  fines-water  mixture  is  - 

Pf,w  =  ft  +  Cf  (ft  -  ft). . 

where  the  subscripts  f  refer  to  the  fine  material,  in  this  case  clay. 

Equations  (l)  and  (3)  can  be  rearranged  to  give  - 

•  • 

lfw  -  •U  -  /~f  ^ 

7T  . ; . . . 

Equation  (4),  given  by  Newitt  in  Ref.  7,  shows  that  the  increase  in 
losses  in  a  pipe  due  to  the  presence  of  clay  varies  with  the  square 
of  the  flow  velocity. 


(1) 

(2) 

(3) 

(4) 


Heterogeneous  Mixtures: 

Heterogeneous  mixtures  can  only  exist  in  turbulent  flow  and  here 
the  concentration  of  solids  decreases  with  distance  above  the  bed. 
Both  Durand  and  Newitt  give  expressions  for  increase  in  slope  of  the 
hydraulic  grade  line  due  to  solids  in  heterogeneous  suspension.- 


Durand's  expression  was  found  by  plotting  experimental  results  while 
Newitt's  expression  was  found  as  follows: 


The  volume  (If)  travels  unit  length  in  the  time  1/V,  and  the  work 
performed  by  the  particles  on  the  fluid  in  this  time  is  - 

JL Kj  G 'CSV(PS  -pw) g]  . 

V 

where  is  a  constant  which  allows  to  some  extent  for  the  effect  of 

concentration  on  falling  velocity.  It  is  assumed  that  the  particles 
will  tend  to  fall  at  a  rate  proportional  to  their  terminal  velocity. 


The  work  done  on  the  particles  in  the  time  interval  1/V  is  - 
Cj'sw  -  Jw)  rPsw  b  =  (iSw_  iw)  ur,8 


where  the  bracketed  terms  represent  the  increase  in  slope  of  the  hy¬ 
draulic  grade  line  due  to  the  presence  of  solids.  Equating  the  express¬ 
ions  for  work  - 


(isw--iw)T/7S«  =J^  [qtp(Ps -Pw)s] 


or  - 


i  - 1  =  WKi  Cs 

i  sw  1  W 


w 


V 


R 

R 


-  1 


This  can  be  written  - 

•  • 

-i, 


SW  iw 


2g>WPs 


-  i 


Csiw  fwV3  VP 

Equation  (6)  shows  that  the  energy  loss  due  to  the  presence  of  the 
solids  in  heterogeneous  suspension  varies  inversely  as  the  velocity. 
Unlike  the  homogeneous  case,  the  presence  of  solids  has  a  progressively 
smaller  effect  on  energy  loss  as  velocity  increases. 


t 
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Fines  in  Sand-Water  Mixtures: 


By  assuming  that  a  homogeneous  mixture  of  fines  in  water  behaves 
as  a  true  fluid  with  respect  to  coarse  grains  in  heterogeneous  suspen¬ 
sion,  it  is  possible  to  apply  Equations  (6)  and  (7)  to  the  three-phase 
problem. 


Equation  (7)  gives  - 
i  f  sw  “  I  f  w 
C  si  fw 


2sKiWf.  / 

ffw  V*  VPf" 


-  1 


The  fall  velocity  of  particles  which  obey  Stokes'  law  varies  directly 
with  the  buoyant  weight,  or  - 

W  =  W  (^s  ^^fifw  ~  ^  ) 

f'  (Ps  /"Pw  -  1  ) 

also  - 

ffw  ~  fw 

Equation  (4)  can  be  written  - 


i  fw  -  i«  [(pr  ~  1  )  cf  +  1 


1 

where  C^-.  represents  the  concentration  of  fines  in  the  fines-water 
mixture  only. 


Equation  (8)  becomes  - 
1  f  sw  “  1  f  w 


csi 


fw 


2gK,DW  Sp&  A/p/Pfw-l\ 

fw  Vs  kpw  ■  /  \PS//PW  -  1 J 


3  4 


For  a  typical  case  - 


Pf 


62.4 


-  2.72  x  -  5.27  slugs/ftf 


P 


2.65  x  ^2*2  =  5.14  slugs/ft.3 


Then  - 


cr  =  0.10  c  =  0.10 

t  s 


'f 


Pw 

•  « 

1  f  svT  ^  w 
•  • 

^sw  ~ 


-c 


: . ' : 


=  0.11 


p  =  p  (1  -  cb  +  cl  X  R 

T  W  1  W  f  f  '  f 


ffw  =  1.935  (1  -  0.111)  +  (0.111)  (5.27) 


=  1.721+0.586  =  2.307 


=  0.66  + 


1.16  f  V3 

2  g  DWK 


Equations  (9)  and  (10)  show  that  the  presence  of  fines  in  a  hete¬ 
rogeneous  suspension  will  tend  to  decrease  the  energy  loss  at  low  flow 
velocities.  At  high  flow  velocities  the  reverse  is  true. 


(10) 


Equation  (9)  applies  only  to  turbulent  flow,  since  the  homogeneous 
mixture  of  fines  and  water  cannot  exist  under  laminar  conditions.  Tne 
settling  of  particles  in  the  heterogeneous  suspension  is  assumed  to 
follow  Stokes'  Law,  however. 


* 


CHAPTER  IV 


DISCUSSION  OF  RESULTS 


Clear  Water  Tests: 

Clear  water  tests  were  run  at  the  beginning  of  the  program  to  estab¬ 
lish  the  character i st i cs  of  the  pipeline.  These  tests  were  repeated  at 
regular  intervals  throughout  the  program  to  investigate  the  possibility 
of  erosion  on  the  inside  of  the  pipeline  causing  changes  or  a  bias  in  the 
readings.  During  the  course  of  the  investigation,  some  seventy  clear 
water  tests  were  carried  out. 

The  clear  water  data  fell  on  the  smooth  boundary  line  of  the  Moody 
diagram  in  the  interval  of  Reynolds'  number  between  30,000  and  200,000. 
FIGURE  8  shows  these  data  plotted  on  log-log  coordinates.  The  range  of 
data  shown  covers  the  complete  range  of  discharges  available  with  the 
pump.  This  curve  was  used  as  the  basis  for  putting  the  clear  water  line 
on  all  subsequent  figures. 


Sand-Water  Tests: 

The  next  sequence  of  tests  was  performed  on  sand-water  slurries  of 
varying  concentrations  of  sand.  Much  of  this  work  was  done  by  Professor 
R.  H.  B.  Hebbert  during  the  summer  of  1960,  using  the  apparatus  as  it  was 
originally  designed.  Hebbert  summarized  his  findings  in  an  unpublished 
report  (Ref.  4)  and  these  data  were  used  to  augment  those  collected  by 

n  all,  some  150  sand-water  tests  were  conducted. 


the  author. 


FIGURE  8 
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The  test  data  were  compared  to  those  of  other  workers.  The  two 
approaches  which  seemed  most  applicable  were  those  of  Durand  (Ref.  6) 
and  Newitt  (Ref.  7).  After  extensive  testing,  Durand  put  forth  the 
following  empirical  relation  for  solids— water  slurries: 

1  .5 


Newitt  gave  a  similar  expression  based  on  far  less  testing: 

-L^_iw  =  iioo  (s  .  i)  JL$-E_  - . . . > .  (12) 

It  should  be  noted  that  both  expressions  include  W,  the  settling 
velocity  of  the  solids.  Durand  (Ref.  6)  has  discussed  the  settling 
velocity  of  sand  particles  in  some  detail.  The  sand  used  in  the  tests 
at  the  University  of  Alberta  were  .25  mm.  in  diameter  and  lie  just  out¬ 
side  the  limits  of  Stokes'  law.  Both  Durand  (Ref.  6)  and  Worster  (Ref.  5) 
have  shown  empirical  results  of  settling  rates  in  this  range  and  a  set¬ 
tling  velocity  of  0.085  feet  per  second  for  sand  of  0.25  mm.  is  pre¬ 
dicted  using  an  average  of  values  taken  from  their  curves.  Extrapolation 
of  Stokes'  law  shows  a  settling  velocity  of  0.14  feet  per  second.  Some 
preliminary  settling  tests  on  the  sand  used  in  the  Alberta  tests  indi¬ 
cated  a  settling  velocity  of  0.127  feet  per  second. 

FIGURE  0  shows  a  comparison  of  test  data  to  the  above  equations  for 
a  sand  of  2.65  specific  gravity,  0.25  mm.  diameter,  a  settling  velocity 
of  0.085  feet  per  second,  a  slurry  concentration  of  30%  sand  by  volume 
and  a  2-inch  diameter  pipe. 

The  test  data  agree  quite  satisfactorily  with  the  equations  at 
lower  velocities,  but  do  not  approach  the  clear  water  line  assymptotic- 

;  i  1  y  as  the  velocity  increases.  However,  P:  n  the  figure  it  can  h.-» 
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concluded  that  Durand’s  equation  is  applicable.  This  is  fortunate  in  that 
Durand's  testing  covered  a  range  of  1.5-inch  diameter  pipes  to  29-inch  dia¬ 
meter  pipes  and  solids  of  different  sizes  and  specific  gravities  for  concen¬ 
trations  from  0%  to  38%  by  volume. 

A  comparative  plot  is  shown  on  FIG.  10  which  demonstrates  the  sensi¬ 
tivity  of  the  correlations  to  settling  velocity  W.  The  upper  line  is 
Durand's  equation  (12)  calculated  for  a  settling  velocity  of  0.14  feet  per 
second  and  the  lower  line  is  that  calculated  for  a  settling  velocity  of 
0.085  feet  per  second  as  shown  on  FIG.  9. 

As  already  discussed,  there  are  advantages  to  operating  the  pipeline 
at  as  low  a  velocity  as  possible.  Durand  (Ref.  6)  developed  a  parameter: 

F|_  =  V°  -  —  =  /d  .  (13) 

J  2  g  D  (s  -  TT 

which  he  expressed  as  a  function  of  the  particle  diameter.  FIG.  11  is 
taken  from  Ref.  6  and  shows  this  relationship  for  different  concentrations 
of  sand-water  slurries.  For  reference,  the  sand  particle  diameter  of  0.25 
mm.  is  marked.  This  figure  shows  that  the  critical  velocity  is  markedly 
influenced  by  the  concentration  of  solids  in  the  size  range  of  the  Alberta 
sand . 

The  critical  velocity  equation  (13)  as  predicted  by  Durand  was  com¬ 
pared  to  the  test  data  taken  at  the  University  of  Alberta.  This  comparison 
can  be  seen  on  FIG.  12,  in  which  the  heavy  curve  is  Durand  s  correlation. 

Several  points  to  the  right  of  this  curve  show  deposition  in  the  pipeline 
at  velocities  greater  than  the  Durand  critical  velocity.  The  University 
of  Alberta  data  indicate  that  a  better  relation  can  be  expressed  using 


FIG.  11  and  - 
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(2gD)  ®  (s  -  1) 

for  the  2-inch  pipeline.  This  has  been  plotted  on  FIG.  12  as  the  light 
curve . 


(13a) 


The  velocity-pressure  drop  relationships  for  different  concentra¬ 
tion  sand-water  slurries  can  be  seen  in  FIG.  13.  These  curves  are  quite 
similar  to  the  published  curves  of  Durand  (Ref.  6)  and  Worster  (Ref.  5). 
The  only  discrepancy  is  in  the  degree  of  convergence  of  the  sand-water 
slurry  curves  toward  the  clear  water  line  as  velocity  increases.  The 
Alberta  tests  show  a  lesser  degree  of  convergence  than  those  of  the  other 
workers . 


Fines-Water  Tests: 

Two  types  of  investigations  were  carried  out  on  the  fines-water  slur¬ 
ries.  A  rheological  investigation  was  performed  by  others  and  has  been 
reported  summarily  by  Ansley  (Ref.  2).  Basically,  the  study  indicated 
that  the  fines-water  slurry  exhibited  rheological  properties  of  the  Bing¬ 
ham  plastic  model  when  the  concentration  of  fines  exceeded  6%  by  volume. 
Durand  (Ref.  6)  states  that  his  work  on  fines-water  slurries  indicated 
Bingham  plastic  behaviour.  The  hydraulic  gradient  testing  at  the  Univer¬ 
sity  of  Alberta  included  some  one  hundred  runs. 

The  fines-water  mixtures  at  low  concentrations  exhibited  similar 
hydraulic  gradient  characteristics  to  that  of  water.  In  fact,  up  to  6% 
fines  by  volume,  the  test  results  indicate  no  difference  from  similar 
tests  for  water.  No  doubt  the  instrumentation  inadequacies  failed  to 
measure  the  slight  effect  of  the  fines  at  these  low  concentrations. 


’ 
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F I  GUI- 


MOTE : 

NOTE-  os  NUMBERS  REPRESENT  SAND  CONCENTRATION 
BY  VOLUME  IN  PERCENT. 


PRESSURE  D ROP  VS  •  VEL0C1T Y 
FOR  SAND  WATER  MIXTURES  IN  2  INCH  PIPE. 


As  the  concentration  of  fines  increased  above  6%,  the  effect  of  the  fines 
became  quite  noticeable.  FIG.  14  shows  plots  of  velocity  vs.  pressure  drop 
for  slurries  of  9%  and  13%  concentration,  respectively. 

The  change  in  character i st i cs  above  6%  fines  is  quite  consistent  with 
the  discussion  of  Ansley  (Ref.  2)  on  the  rheological  character i st i cs  of 
the  slurry.  He  has  pointed  out  that  the  apparent  kinematic  viscosity  in¬ 
creases  quite  rapidly  as  the  concentration  of  fines  is  increased  above  6-8%. 

Using  FIG.  6  of  Ref.  2  and  a  fines  concentration  of  9%,  the  apparent 
kinematic  viscosity  at  25°C.  is  2.7x10  ft. /sec.  Using  this  value  and  a 

Reynolds'  number  of  2000,  laminar  flow  would  be  expected  in  a  2"  pipe  at  a 
velocity  of  0.315  feet  per  second.  Examination  of  FIG.  14,  showing  the 
pressure  drop  velocity  relationship  for  a  9%  fines  slurry  in  a  2"  pipe, 
indicates  that  laminar  flow  occurred  at  about  2.0  feet  per  second.  This 
corresponds  to  a  Reynolds'  number  of  12,400.  Govier  and  Charles  (Ref.  8) 
have  pointed  out  that  the  yield  stress  of  a  fluid  modelling  Bingham  plastic 
behaviour  can  extend  the  laminar  flow  regime  up  to  Reynolds'  numbers  as 
high  as  100,000.  Examination  of  the  rheological  data  of  Ref.  2  showed  that 
the  9%  fines  slurry  could  be  considered  to  exhibit  Bingham  plastic  behaviour. 

Although  the  theory  (Equation  4'  shows  that  the  increase  in  hydraulic 
gradient  due  to  the  presence  of  fines  varies  with  the  square  of  the  flow 
velocity,  the  rheological  aspects  of  the  slurry  extend  the  laminar  region 
where  this  relation  does  not  apply.  This  combination  of  two  different 
regimes  may  be  used  as  an  explanation  for  the  fines-water  curves  which 


are  shown  on  FIG.  14. 
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Sand-F i nes-Water  Tests: 

Approx imately  150  three-component  slurry  tests  were  carried 
out  during  the  study.  As  already  discussed,  the  range  of  fines  con¬ 
centrations  tested  was  limited  because  of  the  flume  tests  being  oper¬ 
ated  concurrently.  Newitt  (Ref.  7)  and  Durand  (Ref.  6)  have  dis¬ 
cussed  the  changeover  f rom  homogeneous  to  heterogeneous  flows  for 
sand-f i nes-water  slurries.  This  transition  takes  place  at  a  velocity 
which  is  dependent  on  both  the  concent  rat i on  of  fines  and  of  sand. 

Newitt  (Ref.  7)  has  discussed  the  attendant  problems  of  testing  these 
slurries  and  has  suggested  plotting  velocity  of  flow  vs.  concentrations 
of  solids  at  a  constant  pressure  drop.  Here  again,  the  author  was  un¬ 
able  to  gather  data  for  such  a  plot  because  of  the  objectives  of  the 
overall  research  program.  However,  it  was  possible  to  select  sufficient 
data  to  show  the  effect  of  the  fines  on  the  pressure  drop  characteris- 
t i cs  of  the  mixture. 

FIGURES  15  and  16  show  a  comparison  of  various  concentration  sand- 
water  slurries  to  the  same  concentration  slurries  with  fines  added.  At 
low  velocities  the  two  curves  converge,  which  is  consistent  with  the 
theory  of  Eqn.  10.  At  higher  velocities  the  predicted  additional  head 
loss  due  to  the  fines  can  be  noted  as  the  displacement  of  the  upper  curve 
from  the  sand-water  curve. 

The  critical  velocity  for  the  sand-water  curve  is  marked  on  both 
FIGURES  15  and  16,  The  presence  of  the  fines  has  definitely  lowered  the 
critical  velocity  in  both  cases.  However,  the  data  are  not  extensive 
enough  to  determine  the  degree  of  critical  velocity  decrease  as  a  func¬ 
tion  of  concentration  of  fines.  This  effect  is  consistent  with  that  des¬ 
cribed  by  Ansley  (Ref.  2)  for  flume  transport  of  the  same  slurries. 
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CHAPTER  V 


CONCLUSIONS  AND  RECOMMENDATIONS 


Concl us  ions: 


The  apparatus,  described  herein  and  in  the  references,  has  been 
developed  to  a  point  where  reasonable  accurate  results  can  be  obtained. 

The  i nstrumentat i on  is  simple  but  quite  adequate  and  has  proven  versa¬ 
tile  enough  to  overcome  many  difficulties  encountered  by  other  workers. 

The  sand  water  slurry  tests  for  pressure  drops  in  the  2-inch  pipe 
agree  closely  with  the  published  correlations  of  Durand  and  Newitt. 

The  data  indicate  that  Durand’s  parameter  for  critical  velocity  requires 
ammendment  for  2-inch  pipes  and  an  alternative  parameter  has  been  put 
forth . 

Although  this  research  program  did  not  investigate  the  rheological 
character i st i cs  of  the  fines-water  slurries,  there  are  sufficient  data 
published  by  other  workers  to  conclude  that  the  slurries  exhibit  non- 
Newtonian  behaviour  at  concentrations  greater  than  6%  by  volume.  The 
Bingham  plastic  yield  stress  can  extend  laminar  flow  regime  thus  altering 
the  hydraulic  character i st i cs  of  the  slurry  at  low  velocities.  In  fully 
developed  turbulent  flow  the  presence  of  fines  increases  the  head  loss 
above  that  of  clear  water. 

In  a  f i nes-sand-water  slurry,  the  fines  do  not  decrease  the  hydraulic 
gradient  below  that  of  the  sand-water  slurry  over  the  range  of  the  test 
results. 

Although  the  data  are  inconclusive,  there  is  sufficient  evidence  to 
suspect  that  the  addition  of  fines  to  a  sand-water  slurry  will  reduce 
the  critical  velocity. 


Recommendat i ons : 


The  analysis  carried  out  in  Chapter  IV  has  shown  the  signi¬ 
ficant  effect  of  the  settling  velocity  of  the  sand.  There  is  an 
unfortunate  coincidence  that  the  transition  from  homogenous  flow 
to  heterogenous  flow  takes  place  at  a  particle  size  where  settling 
velocity  is  poorly  understood.  A  comprehensive  research  program 
should  be  undertaken  to  investigate  the  settling  velocities  of 
particles  in  the  size  range  from  0.15  mm.  to  2.0  mm.  in  water  and 
fines-water  slurries.  This  is  the  most  important  variable  to  be 
isolated  and  studied  at  this  time. 

As  previously  discussed  the  range  of  fines  concentrations 
tested  was  not  adequately  covered.  The  potential  benefit  of  a  re¬ 
duction  in  critical  velocity  in  commercial  scale  applications  just 
fies  not  only  more  studies  on  the  present  apparatus,  but  a  similar 
investigation  at  a  larger  scale. 
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